Materials with nontrivial topology attract a lot of attention due to their intriguing properties and the potential to harness them for quantum computing. Nonabelian excitations, occurring when topology meets superconductivity, are especially interesting for applications.^[@ref1]^ Many realizations of these excitations have been proposed and implemented recently, including designing topological superconductivity by combining spin--orbit interaction and Zeeman effect with normal s-wave superconductors,^[@ref2]^ or by proximity inducing superconductivity in topological insulators.^[@ref3]^ Recently, it has also been demonstrated that one can engineer them in hinge states of a higher-order topological insulator (HOTI) combined with proximity induced superconductivity.^[@ref4]^ The layered TMD WTe~2~, which in the form of a 3D crystal is a Weyl semimetal^[@ref5],[@ref6]^ and a 2D topological insulator in the form of a monolayer,^[@ref7],[@ref8]^ has been predicted to be a HOTI,^[@ref9]^ hosting topological hinge states on the edges and steps of the crystal. However, the bulk conductivity of WTe~2~ complicates the observation of these states. One way to overcome bulk conductivity is to use local measurement techniques such as scanning tunneling spectroscopy.^[@ref4]^ Another possibility is to employ the Josephson effect.^[@ref10]−[@ref12]^ Here, the evolution of the critical current *I*~c~(*B*~⊥~) with a perpendicular magnetic field *B*~⊥~ is connected with the current distribution in the plane by a Fourier transform.^[@ref13]^ The asymmetry of the critical current can provide additional information about properties of the supercurrent carrying states. The asymmetric Josephson effect (AJE) is expected in systems with a nonsinusoidal CPR,^[@ref14]^ which is often linked with the presence of Andreev bound states with high transmission.^[@ref15]^ The AJE has been previously observed in a 2D topological insulator coupled to a superconductor.^[@ref16]^

Here, we reveal 1D states along edges and steps in few-layer WTe~2~ by studying the Josephson effect in a perpendicular magnetic field. The superconducting contacts required for Josephson junctions are realized by a lithographically patterned Pd film that is in contact with clean WTe~2~ and induces superconductivity therein. We found that a Josephson current can be measured over distances up to 3 μm and that it withstands magnetic fields up to 2 T, suggesting its 1D nature with a very tight lateral confinement. Moreover, transport through these 1D states shows signatures of the asymmetric Josephson effect. We think that the observed behavior can be a result of Josephson transport through hinge states due to higher-order topology in WTe~2~.

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}(a) demonstrates an optical image of our first device. It consists of a few-layer (∼12) thick WTe~2~ flake covered with hBN and placed on the prepatterned Pd leads on SiO~2~ substrate. The leads are forming several junctions with different lengths 1--4 μm. We measured the differential resistances of the junctions in the four-probe setup sketched in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}(a). Additional details of the fabrication process and the measurement setup are provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00658/suppl_file/nl0c00658_si_001.pdf). All measurements were performed in the dilution refrigerator with base temperature of 30 mK.

![(a) Optical image of the device 1 (scale bar = 10 μm) with a sketch of the four-terminal measurement setup. (b) Four-terminal differential resistances d*V*/d*I* of three junctions 1--3 with lengths 1, 1, and 2 μm, respectively. The 1 μm long junctions demonstrate zero differential resistance at small currents as a result of the Josephson effect. (c) Schematic side view of the sample illustrating its state: above the Pd leads WTe~2~ is superconducting (red regions), and the current between these regions is mediated by the Josephson effect (dashed lines).](nl0c00658_0001){#fig1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}(b) demonstrates experimental d*V*/d*I*(*I*) dependencies of three junctions of the device 1. The differential resistance goes to zero at small currents for the two 1 μm-long junctions. For the 2 μm junction the differential resistance does not go to zero but has a small dip at zero current. Similar results are obtained in all studied samples. Moreover, the observed behavior is present only below a certain temperature and magnetic field. This behavior is typical for Josephson junctions, where the proximity effect creates dissipationless transport between superconductors connected by a normal material.^[@ref17]^ Our experimental data suggest the formation of superconductivity in WTe~2~ above Pd leads, as sketched in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}(c). These superconducting regions induce a proximity effect in WTe~2~ between the leads, leading to the Josephson effect in the shorter junctions.

The observation of superconductivity may not be surprising, since WTe~2~ is known to become superconducting at different conditions, i.e., under pressure,^[@ref18],[@ref19]^ electron doping,^[@ref20]^ or electrostatic gating.^[@ref21],[@ref22]^ So, superconductivity can occur in WTe~2~ on top of Pd due to charge transfer^[@ref23]^ or due to flat-band formation in WTe~2~, as has recently been reported in another Weyl semimetal Cd~3~As~2~.^[@ref24]^ Another possibility is interdifussion of Pd and Te with the formation of superconducting PdTe~*x*~^[@ref25],[@ref26]^ at the interface. To understand the reasons for superconductivity is beyond the scope of the current article; only the formation of Josephson junction within our samples is important.

We can use the observed Josephson effect to obtain information about the current distribution in the WTe~2~ devices. The spatial current distribution defines the evolution of the critical current as a function of the flux through the Josephson junction (JJ). When the supercurrent is uniformly distributed through the JJ, the critical current *I*~c~(*B*~⊥~) as a function of perpendicular magnetic field *B*~⊥~ shows oscillations with a rapidly decaying amplitude (top in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(a)). The central lobe is twice as wide as compared to the other lobes. This dependence of *I*~c~(*B*~⊥~) is known as the Fraunhofer pattern. If, on the other hand, the supercurrent flows only along the sample edges, as indicated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(a), *I*~c~(*B*~⊥~) displays slowly decaying oscillations typical for SQUIDs. The period of oscillations corresponds to a single flux quantum Φ~0~ = *h*/2*e* through the area enclosed by the SQUID.^[@ref17]^

![(a) Expected dependencies of the critical current of a 2D Josephson junction on *B*~⊥~ for two different supercurrent distributions, i.e., for a uniform current distribution, *I*~c~(*B*~⊥~) shows rapidly decaying oscillations (Fraunhofer behavior), whereas for two narrow edge states, the *I*~c~(*B*~⊥~) oscillations do not (or only weakly) decay in amplitude (SQUID behavior). (b) Critical current *I*~c~(*B*~⊥~) of junctions 1 and 2 as a function of *B*~⊥~. A combination of a SQUID- and Fraunhofer-like behavior is observed, indicating a significant amount of edge supercurrent. (c) Supercurrent density distribution of junction 2 extracted from *I*~c~(*B*~⊥~). Two distinctive edge states, each having a width of ∼75 nm, are observed.](nl0c00658_0002){#fig2}

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(b) shows the measured *I*~c~(*B*~⊥~) dependence for the two 1 μm long JJs. The critical current oscillates with perpendicular magnetic field. The central peak of *I*~c~ has a width between one and two oscillations periods. The amplitude of the oscillations is decaying faster at smaller fields and slower at larger ones. The measured *I*~c~(*B*~⊥~) is a combination of a Fraunhofer pattern creating a peak of critical current at zero magnetic field and a SQUID-like pattern with more than 50 visible oscillations. The period of these oscillations Δ*B* ∼ 0.27 mT is given by a flux Φ~0~ through the effective area of the junction *S*~eff~. From *S*~eff~ we obtain an effective junction length *L*~eff~ = *S*~eff~/*W* = 1.75 μm, where *W* ∼ 4.3 μm is the sample width. *L*~eff~ is larger than the length of the junction *L* due to the penetration of magnetic field into the superconducting leads. A coexistence of the SQUID and Fraunhofer behavior indicates the precence of edge and bulk supercurrent. The latter can be carried by the bulk of the crystal or by Fermi arc surface states.^[@ref27]^ A persistence of the SQUID-like oscillations in magnetic field means that the edge supercurrent is carried by very narrow states.

To obtain the spatial distribution of the supercurrent, we performed a Fourier transform of *I*~c~(*B*~⊥~) by following the Dynes--Fulton approach.^[@ref13]^ This method assumes a sinusoidal CPR and a nearly symmetric supercurrent distribution across the width of the junction. In this case the minima of *I*~c~(*B*) should approach zero. The result of the Fourier transform should therefore be more accurate for junction 2 as compared to junction 1, since the *I*~c~(*B*) minima are found to be much closer to zero in junction 2. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(c) shows the result of the transformation for junction 2. The supercurrent peaks are very narrow, suggesting a strong edge confinement. The width of these supercurrent density peaks obtained from the Gaussian fit is below 80 nm.

There is another reason, beyond an asymmetric current distribution,^[@ref13]^ why the oscillations in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(b) are not reaching zero; this can be caused by a nonsinusoidal CPR^[@ref28],[@ref29]^ of the edge states. We can immediately confirm that the CPR is nonsinusoidal. This is seen as follows. The ratio of the critical currents of the two edge states *I*~c~^*H*^/*I*~c~^*L*^ is obtained from the ratio of the average critical current to the critical current oscillation amplitude *I*~c~^*H*^/*I*~c~^*L*^ = (*I*~c~^max^ + *I*~c~^min^)/(*I*~c~^max^ -- *I*~c~^min^). For junction 1, this ratio is large, ∼7 ≫ 1, hence, corresponding to a highly asymmetric SQUID. In such an asymmetric SQUID, the dependence of *I*~c~(*B*~⊥~) on *B*~⊥~ mimics directly the CPR of the edge state with the lower critical current.^[@ref30]^ But, *I*~c~(*B*) for junction 1 is clearly not a sine function, as one can see from [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(b) and [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

![(a) Critical currents of two 1 μm long junctions of device 1 as a function of perpendicular magnetic field for positive *I*~1,2~^+^ and negative *I*~1,2~^--^ currents. *I*~c~(*B*~⊥~) lacks the symmetry to the change of current direction. (b) Same data as in (a) but with a reversed magnetic field for negative currents. Symmetry is preserved when both current and magnetic field are reversed.](nl0c00658_0004){#fig3}

Additional evidence for a nonsinusoidal CPR can be obtained by looking at the symmetry of the dependence *I*~c~(*B*~⊥~) as a function of *B*~⊥~. For a conventional Josephson junction with a sinusoidal CPR, *I*~c~(*B*~⊥~) should be symmetrical with respect to current reversal *I*~c~^+^(*B*~⊥~) = *I*~c~^--^(*B*~⊥~) and magnetic field reversal *I*~c~(−*B*~⊥~) = *I*~c~(*B*~⊥~). Two requirements to break these symmetries are a nonsinusoidal CPR and an asymmetry in the current distribution.^[@ref14]^ However, the time-reversal symmetry conserves *I*~c~ upon simultaneous reversal of the magnetic field and the current *I*~c~^±^(*B*~⊥~) = *I*~c~^∓^(−*B*~⊥~).

As is apparent from [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}(a), *I*~c~^±^(*B*~⊥~) breaks the symmetries both with current and field reversal. The symmetry is restored when the current and magnetic field are reversed simultaneously, as illustrated in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}(b). The time-reversal symmetry allows us to exclude flux trapping in the JJ^[@ref31]^ as a reason for the observed asymmetries. The asymmetries in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} match the prediction of AJE^[@ref14]^ and require a nonsinusoidal CPR and an asymmetry in current distribution.

We have found before that the supercurrent in few-layer WTe~2~ is of 1D nature, flowing predominately along the edges and has a nonsinusoidal CPR. With the next sample we demonstrate that 1D conducting states can also reside at step edges of WTe~2~, and they are remarkably robust. Device 2, shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(a), is as before a hBN-covered few-layer WTe~2~ flake placed on top of Pd leads. The main difference from the previous device is nonuniform thickness, where the middle part is five layers thick and the outer parts are bilayers. The low temperature conductivity in WTe~2~ diminishes with decrease in number of layers with the bilayer being an insulator.^[@ref7],[@ref32]^

![(a) Optical image of device 2 (scale bar = 10 μm) with a sketch of the measurement setup for a single junction. Each Pd lead has a 100 nm gap in the middle, which is located below the thicker part of the WTe~2~ flake. The gaps split every Pd lead into two independent normal contacts to the common superconducting region. (b) Four-terminal d*V*/d*I* of junctions with different lengths divided by the length of the corresponding junctions in micrometers. The Josephson effect is present in junctions that are up to 3 μm long. (c) Critical current *I*~c~(*B*~⊥~) as a function of perpendicular magnetic field *B*~⊥~ (note: *I*~c~ is here multiplied by the length of the corresponding junctions in micrometers). The arrows highlight the periodic low-frequency modulation of *I*~c~ for the 2 μm long junction. Inset: *I*~c~(*B*~⊥~) for the 2 μm long junction zoomed in to the small magnetic field region. A fast periodic oscillation with an amplitude of ∼1% is clearly discerned. (d) Sketch of a cross section of the sample near the step from 5L to 2L, illustrating the possibility that multiple 1D channels along the step appear.](nl0c00658_0003){#fig4}

[Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(b) shows d*V*/d*I*(*I*) traces for different junctions normalized by the length of the junction. The differential resistance goes to zero for 1--3 μm long junctions, indicating the presence of Josephson current. The normal state resistance per unit length is comparable for all junctions, yielding ∼100 Ω μm^--1^. For this sample, the product *I*~c~*R*~N~ ∼ 150--380 μV, depending on the junction and the way the normal state resistance *R*~N~ is defined. This value is close to the theoretical prediction for a short ballistic Josephson junction: *I*~c~*R*~N~ = πΔ/*e* ∼ 540 μV.^[@ref33]^ Here, we estimate the energy gap following the formula Δ(*T* = 0) = 1.76*k*~B~*T*~c~^[@ref17]^ with *T*~c~ = 1.1 K defined as the maximal temperature where signs of superconductivity in the samples are still present. The agreement between the *I*~c~*R*~N~ product and the theoretical value implies that there is a strong proximity effect and the JJs are close to the short ballistic limit.

The Josephson current for all junctions survives magnetic fields above 1 T, see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(c). This is inconsistent with a uniform supercurrent, since even for the shortest junction it would correspond to *BS*/Φ~0~ ∼ 2000 flux quantum through the JJ area. A robust large field supercurrent implies highly localized 1D channels that carry the supercurrent. The only possible place for these states are the steps from the five-layer part to bilayers, since the bilayer itself does not conduct. At a closer look, oscillations of *I*~c~(*B*~⊥~) are visible for the 2 μm long junction, see the inset to [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(c). The oscillations are clearly of a SQUID character with a period Δ*B* ∼ 0.33 mT. This period yields a smaller area *S* = Φ~0~/Δ*B* ∼ 6.1 μm^2^ than the relevant junction's area of 9 μm^2^. This mismatch is likely a consequence of the sample geometry and discussed in more detail in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00658/suppl_file/nl0c00658_si_001.pdf).

The measurement of *I*~c~(*B*~⊥~) of the 2 μm long junction shows additional oscillations with a larger period of *δB* ∼ 0.3 T (red arrows in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(c)). Similar oscillations were previously observed for topological hinge states in bismuth and were linked to a difference in wavevectors of electrons and holes forming the Andreev pairs.^[@ref34]^ The observed period of oscillations is in agreement with the expected value *δB* ∼ 2*πℏv*~F~/*g*~eff~μ~B~*L* ∼ 0.15--0.7 T, where *L* = 2 μm is the length of the junction, *v*~F~ ∼ 2 × 10^5^ ms^--1[@ref35]^ the Fermi velocity, and *g*~eff~ ∼ 10--50^[@ref36]^ the Landé *g*-factor. Alternatively, a slower oscillation could reflect the presence of multiple states on terraces from the five layers to the bilayer, as illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}(d). The width *d* of this region can be estimated from the ratio of the periods of the slow *δB* ∼ 0.3 T and fast oscillations Δ*B* ∼ 0.33 mT and the width of the junction *W* ∼ 4.5 μm, where *d* ∼ *WδB*/Δ*B* ∼ 5 nm. This value is an upper estimate for the width of the edge states.

The observation of strong Josephson coupling through 1D edge states with nonsinusoidal CPR suggests a topological origin of these states.^[@ref15]^ The only predicted 1D topological states in few-layer WTe~2~ are hinge states of a HOTI.^[@ref9]^ We think that this is very plausible, since our data reproduces many features previously observed in bismuth, which is a HOTI.^[@ref10]^ However, there are still some open questions. Currently we cannot resolve if the states are indeed residing on opposite hinges as expected in a HOTI. Also, the critical current values are higher than expected for a single ballistic channel *I*~c~^1D^ = πΔ/*eR*~k~= *e*Δ/2*ℏ* ∼ 20 nA. This discrepancy is also present in bismuth and can be accounted by multiple states at several terraces on the edges and degeneracy of edge states due to multiple orbitals.^[@ref10]^

In conclusion, we present an experimental study of Josephson transport in encapsulated few-layer WTe~2~ samples. Our data strongly suggest the presence of 1D states residing on steps and edges of WTe~2~. The Josephson currents in these 1D states are extremely robust. They survive magnetic fields up to 2 T and extend over distances up to 3 μm. Moreover, the supercurrent demonstrates signs of nonsinusoidal CPR. Our findings fit well with the recent prediction of higher-order topological insulator states in WTe~2~^[@ref9]^ and demonstrate many features previously observed only in another HOTI, i.e., bismuth.^[@ref10],[@ref34]^

Note {#sec1.1}
====

During the preparation of this manuscript we became aware of two recent preprints^[@ref37],[@ref38]^ demonstrating edge transport in WTe~2~ obtained by the proximity effect from superconducting Nb leads. The experimental results in these preprints are in good agreement with our conclusions. In comparison to the former, our samples are in the thin limit and they additionally demonstrate a stronger Josephson coupling over longer distances. They thereby provide a more compelling evidence for Josephson coupling through highly localized narrow 1D states residing on the steps of WTe~2~.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00658](https://pubs.acs.org/doi/10.1021/acs.nanolett.0c00658?goto=supporting-info).Methods; superconductivity induced in WTe~2~ by normal leads; superconductivity and Josephson effect in a few-layer WTe~2~ device in a Hall bar geometry; supercurrent distribution in the device 2; and differential resistance as a function of magnetic field and current for the device 2 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c00658/suppl_file/nl0c00658_si_001.pdf))
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All data in this publication are available in numerical form in the Zenodo repository at [10.5281/zenodo.3526560](10.5281/zenodo.3526560).
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